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An efficient methodology has been designed to facilitate the elucidation of chemical structures
of compounds synthesized by chemists engaged in silicone research—specifically as it pertains
to the analyses of mixtures of organofunctionalized Si-containing compounds. By combining
electrospray MS data, IR/NMR functional group data and Diophantine mathematical analysis,
one can obtain a materials balance of a particular chemical reaction without requiring
difficult/time-consuming separations. This approach has been applied successfully to the
analysis of F-endblocked polydiphenylsiloxanes up to 3000 Da and can be readily tailored for
the structural elucidation of any organic compound. (J Am Soc Mass Spectrom 1999, 10,
231–240) © 1999 American Society for Mass Spectrometry
To analyze/characterize a reaction mixture, achemist is faced with many options: some of themore important being (1) physical separations
(distillation, extraction, adsorption, crystallization); (2)
quantitative elemental analysis for one or more specific
elements (such as Si, F, Cl, S, etc.); (3) GC or LC
chromatographic separations; (4) spectroscopic charac-
terization (IR, NMR). Electrospray ionization (ESI) mass
spectrometry is another option which has the advan-
tage of generating cationized neutrals [M 1 X1] where
X1 5 {NH4
1, K1, Na1, Ag1, or H1}, yielding relatively
“clean” mass spectra even for complex mixtures, often
times without the necessity of performing HPLC sepa-
rations. Knowing the starting chemicals and the antici-
pated chemical reactions, an experienced mass spectrom-
etrist can usually deduce the molecular structure of mass
M. However, as M increases beyond 600 Da, the large
number of possible functional groups and atoms which
add up to the measured molecular weight often makes it
impractical to deduce chemical structures. The recent
status of computer-assisted identification of mass spectra
from structurally unidentified compounds is discussed in
Chapter 10 of Interpretation of Mass Spectra (4th ed.) [1]. The
published programs can be divided into two categories:
(a) systems for retrieval (fingerprint matching with candi-
dates in a comprehensive collection of certified mass
spectra [2, 3]) and (b) algorithms for interpreting mass
spectra of compounds not in the published files. The only
generally available algorithm for structure elucidation is
the “Self-Training Interpretive and Retrieval System”
(STIRS) [4]. This program couples MS fragmentation rules
with a search for empirical correlations with reference
spectra but is generally not useful for soft ionization
techniques such as ESI mass spectrometry. Limitations of
the STIRS algorithm are discussed by McLafferty [1].
If one considers the exponential rise in the number
of structural isomers as a function of the number of atoms
in a polyatomic molecule [12C14H20 has 1855 structural
isomers, 12C20H42 has more than 10
5 isomers; 12C15H30O3
(258 Da) has many more isomers than all the published
certified mass spectra] it is apparent that the prospect of
devising an automatic universal structure elucidation sys-
tem yielding a unique composition for a polyatomic
molecule (.50 atoms) is very remote. To restrict the search
domain, the following hierarchial strategem for structure
elucidation has been devised: (1) define the set of elements
{En}, known to constitute a particular compound or mix-
ture; (2) define the known set of functional groups {Rm} of
the starting chemicals; (3) obtain supplemental structural
information {Rt} of the reaction mixture from IR, NMR
and probable chemical reactions; (4) obtain mass spectra
from soft ionization methods yielding predominantly cat-
ionized neutrals [M 1 X1]; (5) apply Diophantine math-
ematical analysis [5–7] to determine the empirical formula
and exact mass for each molecular ion; and (6) utilize
Diophantine mathematical strategies to establish the
various structural isomers consonant with {Rt}. The
above six-step stratagem has been designed primarily
for the identification of genuine unknown species (i.e.,
for compounds not listed in the standard reference files)
[2, 3]. Searching the literature back to 1967 [8], one finds
only the rudimentary aspects of the mathematics of
integers [5, 9] applied to the determination of repeat
groups and endgroups of oligomers [10] and to the
structure elucidation of copolymers [11].
Theory
Denoting mn the monoisotopic mass of a functional
group or of an atom and nn the corresponding number
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of mn embodied in a molecule of mass M, one can
formulate the Diophantine equation,
O
n51
k
mnnn 5 M (1)
containing k unknowns, namely, {n1, . . . , nk}. For a
phenyl group mn 5 77 Da; for methyl, 15 Da; for a
silicon atom, 28 Da. For polycyclosiloxanes the upper
bound for the unknown nn is imposed by the constraint
~nn!u 5 INT~M/mr! (2)
where mr is the polymer repeat unit.
For linear polysiloxanes terminated by group A and
group Z, such as
A~R1RnSiO)nZ
the nominal mass M is expressed by
M 5 ~44 1 R1 1 Rn!n 1 A 1 Z (3)
and the mass of the terminal groups A plus Z is given
by
A 1 Z 5 M 2 ~44 1 R1 1 Rn!n (4)
For any oligomer, A(mr)nZ, eq 4 becomes
A 1 Z 5 M 2 nmr (4a)
The lower bound (nn)1 for any nn is zero. Equation 1 can
be reduced to an equation in one unknown, e.g., nk, by
assigning allowable integers for n1, n2, . . . , nk21 and
solving for nk from
nk 5 ~M 2 O
n51
k21
mnnn!/mk (5)
To be a valid solution to eq 5, nk must be an integer. By
applying all permissible combinations of {n1, . . . , nk21}
to eq 5, one obtains all the valid solutions to eq 5. The
number of trials required to solve eq 5 is given by
total trials 5 P
n51
k
@~nn!u 2 ~nn!1 1 1# (6)
For M . 600 Da and values of mn , 30 Da, the number
of trials becomes excessively large. To narrow the range
of nn for a Si atom, one looks for clues as to what
functional groups are bonded to the tetrahedral Si. Thus
if the groups R1, R2, R3, R4 are bonded to Si, then the
upper bound for nSi is given by
~nSi!u 5 INT@M/~28 1 R1 1 R2 1 R3 1 R4!# (7)
Likewise, raising the lower bound of nn above zero will
reduce the number of trials.
An alternative approach to determining the number
of Si atoms for mass M is to examine the experimentally
measured isotopic distribution. Because silicon has
three unique stable isotopes, 92.2% 28Si (27.976727),
4.7% 29Si (28.976491), and 3.1% 30Si (29.973761), one can
calculate the total number of expected ions and their
relative intensities and thus fix the number of Si atoms
(Table 1). For a compound containing {Si, C, H, N, O, F},
the molecular ion isotopic distribution can be computed
by a vendor program such as that of the Kratos Concept
Mach 3 MS data system [12].
The relative intensities of the Si-isotope cluster peaks
in Table 1 are based on the hypothetical series (Si)n for
which all ¥n are zero. For the normal silicon hydrides,
H(SiH2)nH, the intensity distribution is very similar.
However, as the number of functional groups (mn) on Si
increases, the isotopic profile distribution is flattened
considerably.
Computer Program/Data Analysis
From eq 6 it becomes obvious that the total number of
trials for even modest ranges for nn amounts to thou-
sands of numerical evaluations of eq 5. Thus to arrive at
all valid solutions to eq 5 within milliseconds requires a
fast digital computer. Moreover, the task of grouping all
isomers together calls for an expeditious sorting rou-
tine. For these reasons an accessible mainframe IBM
computer was selected. The program was written in
Fortran 77. The required input data are the ranges for nn
and the experimentally measured mass M. The pro-
Table 1. Mass profile of Si-isotope ions
nSi nion Nominal masses and corresponding relative intensities
1 3 (28 1 ¥1)100.0; (29 1 ¥1)5.06; (30 1 ¥1)3.36
2 5 (56 1 ¥2)100.0; (57 1 ¥2)10.12; (58 1 ¥2)6.98; (59 1 ¥2)0.34; (60 1 ¥2)0.11
3 7 (84 1 ¥3)100.0; (85 1 ¥3)15.18; (86 1 ¥3)10.85; (87 1 ¥3)1.03; (88 1 ¥3)0.36; (89 1 ¥3)0.17;
(90 1 ¥3)0.004
4 9 (112 1 ¥4)100.0; (113 1 ¥4)20.24; (114 1 ¥4)14.97; (115 1 ¥4)2.09; (116
1 ¥4)0.78; (117 1 ¥4)0.070; (118 1 ¥4)0.017; (119 1 ¥4)0.0008; (120
1 ¥4)0.0001
Legend: nSi 5 number of Si atoms for molecular ion M, nion 5 number of ions within the isotopic distribution for M. The various masses of a cluster
are the sum of the Si-isotopes plus the masses of all other atoms comprising M.
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gram output lists all valid solutions in descending (or
ascending) order of exact masses for M and the valid
integers for each nn. The particular format chosen also
includes information for archival purposes:
INPUT DATA
SUBMITTER: FULL NAME SAMPLE ID: DATE: YR MO DAY
DIOPHANTINE MS STRUCTURE-ANALYSIS (DMSSA)
ENTER RANGES FOR n1 TO n13 AND MASS M:
mn Si Cl F O N S C6H5 CH3OH C2H5 C3H7 C2H3 CxHy
28 35 19 16 14 32 77 15 17 29 43 27 0
MASS
(nn)1 1 0 0 1 0 0 6 0 0 0 0 0 0 846*
(nn)u 4 0 2 3 0 0 8 4 2 0 0 0 0
The observed mass M and the ranges for nn for the
selected mn are entered. The last column is reserved for
any extra functional group CxHy. The ranges of func-
tional groups/elements must be specified for each
unique molecular ion. If two ions are within a few
daltons, the ranges need not be changed. The OUTPUT
lists the valid searches (i.e., the 13 values of nn), the
number of solutions, the number of trials and the exact
mass which is computed from
EXACT M 5 27.9769286n1 1 34.9688530n2
1 18.9984046n3 1 15.99491475(n4 1 n9)
1 14.00307407n5 1 31.9720728n6
1 12(6n7 1 n8 1 2n10 1 3n11 1 2n12
1 xn13) 1 1.00782506(5n7 1 3n8 1 n9
1 5n10 1 7n11 1 3n12 1 yn13). (8)
The OUTPUT for the above INPUT for Mass 846*
follows
VALID SOLUTIONS:
Si F O C6H5 CH3 OH
28 19 16 77 15 17
EXACT M
3 2 3 8 4 0 846.31909
3 1 3 8 3 2 846.30273
4 2 1 8 2 2 846.26465
4 2 3 8 1 1 846.22827
TOTAL HITS/TOTAL TRIALS 5 4/1620
* See Figure 2 (864 2 18) Da
Of the four valid solutions, no two solutions have the
same exact mass. Measurement of the mass of an ion by
high resolution mass spectrometry often provides an
unequivocal identification of its elemental composition
[13] and thus could be employed to establish the correct
solution among the four matches. The spread of the
largest exact mass (846.31909) and the lowest exact mass
(846.22827) is sufficiently large that quadrupole instru-
ments [14] could discriminate between these two ele-
mental composition extremes as well. The evaluation of
the four solutions is discussed below under Example 2.
Modification of the program can be readily tailored to
specific cases. Instead of using the above 13 mn, one
could substitute {mn} 5 {Si, Cl, O, N, S, C6H5, CH3, OH,
OCH3, C3H7, C2H3, C3H4F3, CxHy}.
Moreover, one is not limited to 13 different func-
tional groups. To cover a broader set of useful func-
tional groups, the following set of 19 atoms/functional
groups has evolved: {mn} 5 {Si, Cl, S, F, O, N, C, C6H5,
C3H7, OCH3, SiH2, SiH, C2H5, C2H3, OH, CH3, CH2,
CH, CxHy}. For example, to cover a substituted phenyl
ring C6H52n, one uses (5 2 n)CH 1 (n 1 1)C or C6Hn for
the CxHy group. A normal alkyl group, CH3(CH2)n21, is
represented by (n 2 1) CH2 1 CH3 or by CnH2n11 for the
CxHy group. A t-butyl group is represented by 3CH3 1 C.
This approach obviously has a much broader utility
than just for silicon containing compounds.
Experimental: Data Analysis
Example 1
All electrospray mass spectra were collected on a PE
Sciex API 300 triple quadrupole mass spectrometer
fitted with a standard ionspray source. Samples were
prepared by dissolving 1 mL of neat liquid sample into
10 mL of a 1:1 solution of MeOH/CHCl3. The MeOH
solution contained a 0.5 mM concentration of NH4OAc.
In the positive-ion mode silicones form an ammoniated
molecular ion, [M 1 NH4
1], with high efficiency. The
electrospray mass spectrum of an organosilicon poly-
mer was collected by signal averaging ten scans (see
Figure 1). The series of ammoniated ions beginning at
m/z 1116 and ending at m/z 2990 were noted to vary
by a 156 Da polymer repeat group. This group was
surmised to be [OSi(CH2CH2CF3)(Me)]. Therefore the
C3H4F3, trifluoropropyl group, was included as one of
the possible functional groups of set {mn}. The mass of
the ammonium ion NH4
1 was subtracted from the
experimentally measured masses 1116 and 1272 Da
yielding 1098 and 1254 Da, respectively. These masses
and element/functional group ranges were input into
the Fortran program. Only one hit for mass 1098 Da and
three hits for mass 1254 Da were found:
SUBMITTER: R.E.T. MASS: 1098 DATE: 961031
DIOPHANTINE MS STRUCTURE-ANALYSIS
RANGES FOR n1 TO n13:
Si Cl F O N S C6H5 CH3 OHOCH3 C3H4F3 C2H3CxHy
28 3519161432 77 15 17 31 97 27 0
MASS
7 0 0 7 0 0 0 10 0 0 6 0 0 1098
9 0 010 0 0 0 15 3 3 9 0 0
VALID SOLUTIONS:
Si Cl F O N S C6H5 CH3 OHOCH3 C3H4F3 C2H3CxHy
28 3519161432 77 15 17 31 97 27 0
EXACT M
8 0 0 7 0 0 0 12 0 0 6 0 0 1098.22021
TOTAL HITS/TOTAL TRIALS 5 1/4608
The upper range for nSi was estimated as 8. To bracket
this value a range from 7 to 9 was selected. Likewise,
the range for oxygen was expanded from 7 to 10. To
allow for terminal methyl groups the range for nCH3 was
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extended from 10 to 15. Although IR data indicate the
absence of OCH3 or OH linkages, it was decided to
include these groups in the calculation in case the
methanol solution caused substitution of OCH3 for F, or
inadvertent exposure of the material to moisture pro-
duced hydroxyl groups.
The structure assigned to the single match is
(CH3)3SiS CH3OSi
C3H4F3
D
6
OSi(CH3)3
All the observed molecular ions of Figure 1 can be
represented by the general formula Me3Si[OSi(CH2
CH2CF3)CH3]xOSiMe3 with x 5 {6, 7, . . . , 13}.
For m/z 1254, the following information is pre-
sented:
SUBMITTER: R.E.T. MASS: 1254 DATE: 961031
DIOPHANTINE MS STRUCTURE-ANALYSIS
RANGES FOR n1 TO n13:
Si Cl F O N S C6H5 CH3 OHOCH3 C3H4F3 C2H3CxHy
28 3519161432 77 15 17 31 97 27 0 0
SUBMITTER: R.E.T. MASS: 1254 DATE: 961031
MASS
8 0 0 7 0 0 0 10 0 0 7 0 0 1254
10 0 010 0 0 0 15 4 4 10 0 0
VALID SOLUTIONS:
CxHy
Si Cl F O N S C6H5 CH3 OHOCH3 C3H4F3 C2H3 0 0
283519161432 77 15 17 31 97 27 0
EXACT M
9 0 0 7 0 0 0 12 0 1 7 0 0 1254.24194
9 0 0 8 0 0 0 13 0 0 7 0 0 1254.24194
10 0 0 8 0 0 0 10 1 0 7 0 0 1254.15112
TOTAL HITS/TOTAL TRIALS 5 3/7200
CH3 CH3
solution 1: H3CO-Si (SiO)7Si(CH3)3
CH3 C3H4F3
CH3
solution 2: (CH3)3SiO (SiO)7Si(CH3)3
C3H4F3
The first two solutions are isomers of which the second
structure agrees with the expected polymerization. The
third solution conforms to the implausible structure:
Figure 1. Positive ion electrospray mass spectrum of an organosilicon polymer.
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If one assumes the organosilicon polymer to be a
complete unknown, one would resort to NMR methods
[15] to identify the OCH2CH2CF3 group. A much less
time-consuming approach (though less definitive) is to
employ FTIR [15–18] to ascertain that the polymer is a
polysiloxane with Si-, CH3,OCH2, andOCF3 linkages.
From this supplemental information, one can speculate
that the repeat unit (156 Da) is MeRSiO where R is a
F-containing group with mass 97 Da (156-28-16-15) Da.
Entering the range of values for {mn, nn}, namely the
data input {F, 0-5; C, 0-8; CH2, 0-7; CH, 0-7} and solving
for mass 97 Da via the Diophantine analysis program,
one obtains 8 matches for 3456 trials.
F C CH2 CH
Exact
mass Feasible structure
0 0 6 1 97.101726 cyclo heptyl
1 0 0 6 97.045355
1 1 1 4 97.045355
1 2 2 2 97.045355
1 3 3 0 97.045355
3 0 1 2 97.026514 OCH2CHFCHF2
3 1 2 0 97.026514 OCH2CH2CF3
0 7 0 1 97.007825 OC'COC'COC'COC'CH
Note, for the four isomers (exact mass 5 97.045355),
cyclic structures such as
are conceivable. However, of the eight possible solu-
tions, only the seventh hit is in agreement with the IR
data, and is considered to be the correct solution.
To determine the terminal groups (A, Z), one pro-
ceeds as follows. The upper bound for the number of
repeat units is INT (1098/156) 5 7. Substituting this
value for n in eq (4a), one obtains
A 1 Z 5 1098 2 156n 5 6 5 2~3H!
Because only an insignificant concentration of tritium is
contained in the polymer, one has to reduce the upper
bound of n to 6, yielding
A 1 Z 5 162 Da
Applying DMSSA to the set {mn} 5 {Si, O, OH, CH3} for
mass 162 Da,
S 0 0 0 0
5 3 2 10
D
one finds four matches from 792 trials.
Si O OH CH3 Exact mass A Z
2 1 0 6 162.089623 OOSi(CH3)3 OSi(CH3)3
3 1 1 3 161.998866
3 3 0 2 161.962480
4 1 2 0 161.908109
Of the four solutions only the first yields plausible
groups for A and for Z. If one postulates that the mass
difference between A and Z is
A 2 Z 5 RO 2 R 5 16 Da
then Z 5 73 Da. Applying DMSSA to the restricted set
{mn} for nominal mass 73
mn Si O C OH CH3 CH2 CH
0 0 0 0 0 0 0
2 4 6 4 4 5 5
one obtains 28 matches from 94,500 trials. There are
nine sets of different isomers.
Row Si O C OH CH3 CH2 CH
Exact
mass Z
1 2 0 0 1 0 0 0 72.956597
1 1 1 1 0 0 0 72.974583
1 2 0 0 0 0 1 72.974583
0 2 2 1 0 0 0 72.992569
5 0 3 1 0 0 0 1 72.992569
0 0 5 0 0 0 1 73.007825
1 0 0 1 0 2 0 73.010969
1 0 0 1 1 0 1 73.010969
1 1 0 0 1 1 0 73.010969
10 0 0 0 2 0 0 3 73.028955
0 0 1 2 0 1 1 73.028955
0 0 2 2 1 0 0 73.028955
0 1 0 1 0 1 2 73.028955
0 1 1 1 0 2 0 73.028955
15 0 2 1 1 1 0 1 73.028955
0 2 0 0 0 2 1 73.028955
0 2 0 0 1 0 2 73.028955
0 0 1 0 1 1 0 73.028955
1 0 0 0 3 0 0 73.047354 Si(CH3)3
20 0 0 0 1 0 4 0 73.065340
0 0 0 1 1 2 1 73.065340
0 0 0 1 2 0 2 73.065340
0 0 1 1 2 1 0 73.065340
0 1 0 0 1 3 0 73.065340
Diagram 1
Diagram 2
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Of the 28 matches, only the 19th yields plausible
structures for Z and for A. Combining these results
with the structure of the repeat unit, one deduces the
structural formula for the 1098 Da oligomer as
(CH3)3SiO[Si(CH2CH2CF3)(CH3)O]6Si(CH3)3.
Example 2: Mass Spectrometric Analysis
Pertaining to Material Balance for the
Neutralization of (C6H5)2Si(OH)2 with 50% HF
A 10 mL Teflon reactor was charged with 4.880 g of a
saturated solution of 99.8% (C6H5)2Si(OH)2 in acetone
(28.77 wt % diol) and 0.2946 g 50% HF. The closed reactor
was left overnight (20 hrs) at 22°C. The single liquid phase
changed to an upper aqueous acetone phase and a lower
denser siloxane phase. Most of the acetone phase was
withdrawn and the residual part removed by blowing dry
N2 over the surface of the siloxane phase. The N2-dried
product (1.393 g) was analyzed by FTIR and electrospray
MS (see Figure 2). The MS data showed the expected ion
for [(Ph2FSiOSiPh2OH 1 NH4
1] (m/z 434). The prominent
448 ion results from the replacement of F by OCH3 in
the methanol spray solution; the 410.6 ion is a contam-
inant ion from the prior injection of (C7H15)4N
1. The
634 ion corresponds to [Ph2FSi(OSiPh2)OSiPh2F 1
NH4
1]. All subsequent ions had to be identified by
the new methodology. Mass 832.3 corresponds to
[FPh2Si(OSiPh)2OSiPh2F 1 NH4
1]. The 864 ion corre-
sponds to [FPh2Si(OSiPh2)2OSiPh2F 1 NH4
1 z CH3OH]. In
a similar manner the 862 ion was assigned the structure
[FPh2Si(OSiPh2)2OSiPh2OH 1 NH4
1 z CH3OH]. Both the
862 and 864 ions have a neutral MeOH molecule attached
to the ammoniated ion, indicating the ions were not
completely desolvated by the electrospray ion source
used in this experiment. The 878 ion corresponds to the
structure [(OH)Ph2Si(OSiPh2)2OSiPh2(OH) 1 NH4
1 z
CH3OH]. Having identified all the significant ions from
the MS data, one can proceed to compute a material
balance for Ph2Si(OH)2. Denoting xm 5 moles of Mm
formed from Ph2Si(OH)2, one can express the following
mass balance:
Mproduct 5 O
m51
n
xmMm (9)
From the measured intensities of the identified peaks
one can obtain the ratio xm/x1
Figure 2. Positive ion electrospray mass spectrum of reaction product from neutralization of
Ph2Si(OH)2 with 50% aqueous HF.
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xm/x1 5 Im/I1 (10)
where Im is the mth most prominent peak and I1 is the
strongest peak (see Table 2, column 5).
Substituting the values of xm 5 (Im/I1)x1 in eq (9),
one can solve for x1 via
x1 5 Mproduct/ O
m51
n
~Im/I1! Mm (11)
where the product mass is equal to 1.393 g. Mm is the
molecular weight (computed from atomic weights (see
Table 2, column 4). From the calculated value of x1 5
0.00148, one can thus calculate via (11) the values for
x2, . . . , x7 5 0.00052, 0.00049, 0.00012, 0.00007,
0.00005, 0.00004. The amount of Ph2Si(OH)2 required
to form the seven different linear siloxanes is calculated
from (12) as 0.00663 mol:
moles (Ph2Si(OH)2 5 2x1 1 3x2 1 2x3 1 4x4 1 4x5
1 4x6 1 4x7) (12)
The quantity of diol required is equal to 216.312 3
0.00663 5 1.434 g versus the actual charge of 1.404 g.
Attempts to calibrate the quantitation [19] with avail-
able high purity standards such as (Ph2FSi)2O, cyclo
(Ph2SiO)3 and cyclo (Ph2SiO)4 failed. The tetraphenyl
difluordisiloxane reacted with the methanol ammo-
nium acetate solution to partially replace F by OCH3
and the cyclosiloxanes underwent partial ring opening.
Example 3: Mass Spectrometric Analysis of a-
Diethyl Acetal-v-Styrenyl Polystyrene [20]
The MS data for this oligomer were obtained by Pash et
al. [20] on a Kratos Kompact MALDI 3 instrument.
“A pulsed nitrogen laser producing a wavelength of 337
nm was used for laser desorption/ionization. A TOF mass
spectrometer with a 20 kV acceleration voltage was used
to obtain the mass spectra. The samples were dissolved in
tetrahydrofuran and mixed with the matrix dithranol
(1,8,9-trihydroxyanthracene) or nitrophenyl octyl ether.
For promoting the formation of [M 1 Ag1] molecular
ions, small amounts of silver trifluoroacetate were added
to the solution. After drying of the mixture of the sample
and the matrix on the sample holder, the measurements
were carried out using the following conditions: polar-
ity, positive; flight path, reflection; mass, high (20 kV
acceleration voltage); 100–200 shots per sample.”
The mass spectrum for the above a-v oligomers shows
17 equispaced ions with a mass increment of 104 Da
between adjacent ions. After subtracting the mass of
Ag1 (108 Da), one obtains via eq 4a:
A 1 Z 5 M 2 ~104!n (4b)
From the authors’ assertion that the terminal groups
corresponded to (C2H5O)2CHCH2CH2 (131 Da) for A
and CH2CPh2CH2(C6H4)CHACH2) (297 Da) for Z, one
can calculate n to be [M 2 (131 1 297)]/104. For the
lowest molecular weight oligomer the mass is (1160–
108) 5 1052 Da. Hence the value for n calculates to be 6.
The structure for A looks quite reasonable based on the
synthesis. The uniqueness of the assumed structure for
Z, however, is not obvious. Using the DMSSA program
for m/z 297 and setting {mn} to the following ranges:
$mn% 5 H C, C6H5, C2H3, CH2, CH, C6H40 0 0 0 0 0 0
3 3 2 3 3 2
J MASS297
one obtains 18 matches from 2304 trials.
C C6H5 C2H3 CH2 CH C6H4
Row 12 77 27 14 13 76 EXACT M
1 0 1 0 3 2 2 297.164326
0 1 1 2 1 2 297.164326
0 1 2 1 0 2 297.164326
0 2 0 2 3 1 297.164326
5 0 2 1 1 2 1 297.164326
0 2 2 0 1 1 297.164326
0 3 1 0 3 0 297.164326
1 2 0 3 1 1 297.164326
1 2 1 2 0 1 297.164326
10 1 3 0 2 2 0 297.164326
1 3 1 1 1 0 297.164326
1 3 2 0 0 0 297.164326
2 0 2 2 3 2 297.164326
2 3 0 3 0 0 297.164326
15 3 0 2 3 1 2 297.164326
3 1 1 3 3 1 297.164326
3 1 2 2 2 1 297.164326
3 2 2 1 3 0 297.164326
Table 2. Molecular ion masses tabulated in descending order of their intensity Im
m Formula
Mm
(Da) FW
Im
(mm) Im/I1
1 Si2C25H23O2F 430 430.626 111.5 1.000
2 Si3C36H30O2F2 616 616.886 39.4 0.353
3 Si2C24H21O2F 416 416.599 37.0 0.332
4 Si4C48H40O3F2 814 815.183 9.0 0.081
5 Si4C48H41O4F 812 813.192 5.0 0.045
6 Si4C48H40O3F2 814 815.183 4.0 0.036
7 Si4C48H42O5 810 811.200 3.2 0.029
Legend: Mm 5 [Mm 1 NH41] 2 18 or Mm 5 [Mm 1 NH41 z CH3OH] 2 50
Im 5 Intensity of mth most prominent peak (arbitrary units; see Figure 2).
237J Am Soc Mass Spectrom 1999, 10, 231–240 DIOPHANTINE STRUCTURE ANALYSIS
The empirical formula for the 18 isomers is C23H21.
Various structures can be written for the different
matches. Starting with the isomer involving the least
number of functional groups, one finds the seventh
match to conform to a conceivable structure such as
Ph H Ph Ph Ph H
OCOCOCOCACH2 orO(COCH2)COCACPh.
H Ph H H H H H
Likewise the twelfth match yields the structure
H Ph H H
H2COCHACHOCOCPh3 orO(COCH2)COCACPh2
H H H
For all other isomers, structures can be written such that a
styrene repeat unit can be a portion of Z; for example, the
structural formula for the first solution can be written
Consequently the formula for the 1056 oligomer can be
expressed as (C2H5O)2CH(CH2)2[CH2CHPh]n11C15H13.
Without supplemental NMR or IR data the structure for
the C15H13 group remains ambiguous.
The MS data by Pasch et al. [20] show five uniden-
tified ions (see Figure 3 which is the low mass region of
Figure 1 of the cited reference). The mass difference
between 1238 and 1134 Da is 104 Da, pointing to the
minor presence of another oligomer of styrene, namely,
A1(CH2CHPh)nZ1. Subtracting 108 Da from 1238 Da,
one obtains M 5 1130 Da. The repeat unit of 104 Da is
entered for CxHy as C8H8 in set {mn}:
{mn} O C C6H5 C2H5 C2H3 CH2 CH C8H8
0 0 0 0 0 0 0 1
3 2 2 2 2 2 2 8
The OUTPUT lists 8 hits/23328 trials:
O C C6H5 C2H5 C2H3 CH2 CH C8H8 Exact Mass
3 0 2 1 1 1 2 8 1130.657699
3 0 2 1 2 0 1 8 1130.657699
3 1 2 1 1 2 0 8 1130.657699
3 1 2 2 0 0 2 8 1130.657699
3 2 2 2 0 1 0 8 1130.657699
2 0 2 2 0 2 2 8 1130.657699
2 0 2 2 1 1 1 8 1130.657699
2 0 2 2 2 0 0 8 1130.657699
The empirical formulas for the two isomers are
C83H86O3 and C84H90O2. The sum A1 1 Z1 5 1130 2
8 3 (104) 5 298 Da. For the second isomer one can
write feasible structures for A1 and Z1:
(C2H5O)2CH 2 CH2 2 CH2 1 CHPh2
or (C2H5O)2CHCH2 1 CH2CHPh2
Rather unlikely structures for the first isomer (solution
5), such as
C2H5OOOOC 5 CH2 1 Ph2COOC2H5
u u
eliminate this isomer as a viable candidate. To confirm
this analysis, one needs spectroscopic functional group
data.
Mass 1026 (1134-108) corresponds to (C2H5O)2
CHCH2CH2(CH2CHPh)7CHPh2. For m/z 924 (1032-
108) the DMSSA program found four sets of isomers:
C67H72O3, C68H76O2, C70H68O and C71H72. For the sec-
ond isomer the formula (C2H5O)2CHCH2CH2
(CH2CHPh)6C13H13 is a potential candidate. Mass 976
yielded four sets of isomers: C71H76O3, C72H80O2,
C74H72O, C75H76. Again the second isomer can be repre-
sented by (C2H5O)2CHCH2CH2(CH2CHPh)7CH2OCH 5
CHPh. Mass 1038 yielded four sets of isomers C76H78O3,
C77H82O2, C78H86O, C80H78. For the second isomer, the
feasible structure (C2H5O)2CHCH2CH2(CH2CHPh)7CH 5
CPh2 is a viable candidate which requires confirmation
from NMR or IR data.
Conclusions
Diophantine mass spectrometric structure-analysis
(DMSSA) was initially developed for the analysis of
silicones. One frequent application of DMSSA is the
structure elucidation of siloxane oligomers, A(RARZ-
SiO)nZ, entailing the identification of the repeat unit
(RARZSiO) as well as the identification of the terminal
groups A and Z. From the range of the observed values
of n, suitable distribution curves can be calculated.
Another useful application of DMSSA pertains to the
material balance calculation of a particular chemical
reaction without requiring difficult/time-consuming
separations. In this instance one needs to determine only
the empirical formulas for the various product moieties.
However, DMSSA need not be restricted to any partic-
ular field of chemistry. For example, if one researched
reactions of pyrrole one would have to include the NH
group in set {mn} to represent a pyrrole ion
Diagram 3
Diagram 4
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by (4CH 1 NH) 5 67 Da. Additionally inclusion of
group C4H4N (66 Da) in set {mn} is recommended. To
include amines and mercaptans one has to broaden set
{mn} by adding NH2 (16), NH3 (17) and SH (33) to set
{mn}. The new methodology has also been tailored for
the broad field of hydrocarbons and will be docu-
mented in a subsequent publication.
One of the most useful strategies is to examine the
absolute difference between a known ion, [A 1 NH4
1]
and an unidentified peak, [X 1 NH4
1], yielding
uA 2 Xu 5 Dm (Da) (13)
This Dm difference usually can be identified by DMSSA
as was illustrated above in Example 1 for the identifi-
cation of the trifluoropropyl group, m/z 97. When
Dm 5 18 Da, one can surmise the difference between a
hydrated ion, [A 1 NH4
1 z H2O] and [A 1 NH4
1]. Di-
hydrated ions have also been observed. The inclusion of
H(1) in {mn} is not advisable because then the number
of hits is equal to the number of trials. Obviously there
would be many numerical solutions with implausible
structures, e.g., HM.
The DMSSA algorithm has been successfully rewrit-
ten in Fortran 90 for a IBM compatible (Intel Pentium)
PC computer.
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